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Abstract
·AIM:Toevaluatetheinhibitoryeffectsofregorafenib
(BAY73-4506),amultikinaseinhibitor,oncorneal
neovascularization(NV).
· METHODS:ThirtyadultmaleSprague-Dawleyrats
weighing250-300g,wereused.CornealNVwasinduced
byNaOHinthelefteyesofeachrat.Followingthe
establishment of alkali burn, the animals were
randomized into five groups according to topical
treatment.Group1 ( =6)received0.9%NaCl,Group2
( =6)receiveddimethylsulfoxide,Group3 ( =6)
receivedregorafenib1mg/mL,Group4 ( =6)received
bevacizumab5mg/mLandGroup5( =6)received0.1%
dexamethasone phosphate. On the 7d, the corneal
surfacecoveredwithneovascularvesselswasmeasured
onphotographsasthepercentageofthecornea'stotal
areausingcomputer-imaginganalysis.Thecorneas
obtainedfromratsweresemiquantitativelyevaluatedfor
caspase-3andvascularendothelialgrowthfactorby
immunostaining.
·RESULTS:Astatisticallysignificantdifferenceinthe
percentareaofcornealNVwasfoundamongthegroups
( <0.001).AlthoughtheGroup5hadthesmallest
percentareaofcornealNV,therewasnodifference
amongGroups3,4and5 ( >0.005).Therewasa
statisticallysignificantdifferenceamongthegroupsin
apoptoticcelldensity( =0.002).Thestainingintensityof
vascularendothelialgrowthfactorintheepithelialand
endotheliallayersofcorneawassignificantlydifferent
amongthegroups ( <0.05).Thestainingintensityof
epithelialandendothelialvascularendothelialgrowth
factorwassignificantlyweakerinGroups3,4and5than
inGroups1and2.
·CONCLUSION:Topicaladministrationofregorafenib1
mg/mLispartlyeffectiveforpreventingalkali-induced
cornealNVinrats.
· KEYWORDS: cornealneovascularization;regorafenib;
tyrosinekinaseinhibitor
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INTRODUCTION
A
ngiogenesis,theformationoffunctionalmicrovascular
networks,isnormalduringgrowthanddevelopment
andwoundhealing
[1].Theprocessincludesprotrusionand
outgrowthofcapillarybudsfrompre-existingbloodvessels.
Neovascularization (NV)isapathologicformof
angiogenesischaracterizedbytheproliferationofblood
vesselsinabnormallocations.CornealNVisusually
associatedwithinflammatory,infectious,traumatic,toxic,
degenerativeorimmunologicdisordersoftheocularsurface
andcornea
[1,2].Itmaycauseedema,scarformation,orlipid
deposition,leadingtosignificantvisualimpairmentand
blindness
[1].Therefore,treatingthispotentiallyblinding
conditionisofclinicalsignificance
[1-4].
Theregulationofneovascularprocessesand
microenvironmentinfluencesonNVarenotfullyunderstood.
RegulationofNVisgenerallybelievedtoinvolveacomplex
balancebetweenangiogenicandantiangiogenicstimulants
andfactors
[2-4].Amongvariousnumbersofproangiogenic
factorsthatstimulateendothelialcellstomultiplyandform
newbloodvessels,thevascularendothelialgrowthfactor
(VEGF)familyplaysamajorrole.VEGFmoleculesbindto
threecellmembranereceptors
[5].IncreasesinVEGF
receptors,VEGFmessengerribonucleicacid (mRNA),and
proteinlevelshavebeendemonstratedinexperimental
animalmodels
[6-8].VEGFsandtheirreceptorsalsoincreasein
cornealbuttonswithcornealNVinhumans
[9].Neutralizing
antibodiesandsmall-moleculetyrosinekinaseinhibitorshave
beendevelopedtoinhibitVEGFactivity.Bothneutralizing
antibodies andtyrosinekinaseinhibitorsinhibitthe
angiogeniceffectoftheVEGFsystembyaffectingthe
differentpartsofVEGF-activatedangiogenesis.
Regorafenibandcornealneovascularization
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Tyrosinekinasewithimmunoglobulinandepidermalgrowth
factorhomologydomain2(TIE2)isacrucialregulatorof
angiogenesisthatisexclusivelyorpredominantlyexpressed
inendothelialcells.Assuch,itisindispensableformaturing
immaturevesselsviainteractionswiththeligands
angiopoietin(Ang)1,Ang2,VEGF,andfibroblastgrowth
factor
[10].Regorafenibisamultikinaseinhibitorthattargets
kinases,includingVEGFreceptors1,2,and3;TIE2;
platelet-derivedgrowthfactor 茁;mutantoncogenickinases;
andthefibroblastgrowthfactorreceptor,whichisinvolved
inNVand oncogenesis
[11].The FoodandDrug
AdministrationapprovedregorafenibinSeptember2012to
treatpatientswithmetastaticcolorectalcancer.
Thechemotherapeuticpotentialofregorafenibforthe
inhibitionofcornealNVisundetermined.Therefore,we
establishedaratcornealalkaliburnmodelofNVto
investigatetheeffectivenessoftopicalregorafenibforthe
inhibitionofcornealNV.Wealsocomparedtheefficacyof
regorafenibtothatoftopicalbevacizumaband
dexamethasone.
MATERIALSANDMETHODS
Materials Theanimalsusedinthisstudyweretreatedunder
TheAssociationforResearchinVisionandOphthalmology
(ARVO)ResolutionfortheUseofAnimalsinOphthalmic
andVisionResearch.Theinstitutionalethicscommittee
approvedthestudy.ThirtyadultmaleSprague-Dawleyrats
weighing250-300gwereused.Theratswerehousedunder
conditionsofcontrolledtemperature(23依2)℃ andillumination
(12hlight-darkcycle)andfoodandwaterwereprovided
.
Drugs Thedrugsusedwereregorafenib(BAY73-4506;
BayerScheringPharmaAG,Berlin,Germany),bevacizumab
(Altuzan;Roche,Istanbul,Turkey),dimethylsulfoxide
(DMSO;Sigma-Aldrich,St.Louis,MO,USA),acommercially
availableformofpreservative-freedexamethasonesodium
phosphate0.1%(Dexa-SineSE;AlconCouvreur,Puurs,
Belgium)and0.9%NaClsolution.
Methods
Experimentalprocedures Beforeallprocedures,therats
wereanesthetizedwithanintraperitonealinjectionof
ketaminehydrochloride(25mg/kgbodyweight)andwith
xylazinehydrochloride(5mg/kgbodyweight).Alleyeswere
examinedunderabinocularmicroscopetoexcludecorneal
scaring,opacity,andNVbeforethestudy.Topical0.5%
proparacainehydrochlorideeyedropswereappliedtotheleft
eyeofeachratandallowedtodry.CornealNVwasinduced
byapplicationofsodiumhydroxide(NaOH).Piecesof
Whatman#3filterpaper(3mmdiameter)weredippedin
2mol/LNaOHfor20sandthenplacedinthecenterofeach
rat'slefteyefor60s.Thentheburnareaandconjunctivalsac
werethenirrigatedwith50mLsalinefor1min.Toincrease
thereproducibilityoftheinjuries,asingleinvestigator(M.E.)
cauterizedallanimals.Foreacheye,theburnstimulus
responsewasscoredas0(noblister,notraisedabovecorneal
surface),+1(smallblister,slightlyraisedabovethesurface),
+2(mediumblister,moderatelyraisedabovethesurface),
and+3(largeblister).Onlythecorneaswithaburnstimulus
scoreof+1orhigherwereincludedinthecalculationofthe
meanburnstimulusandNVscoresineachgroup
[12].
Followingtheestablishmentofalkaliburn,theanimalswere
randomizedintofivegroupsaccordingtotopicaltreatment.
Group1( =6)received0.9%NaCl,Group2( =6)received
DMSO,Group3(=6)received1mg/mLregorafenib,
Group4( =6)received5mg/mLbevacizumab,andGroup5
( =6)receivedpreservative-freedexamethasonephosphate
0.1%solution.DMSOisthesolventofregorafenib;therefore
weincludedagroupusingonlyDMSOtoclarifytheefficacy.
Allgroupsreceivedthetopicaldropstwicedailyatequal
intervalsfor7d.On7d,thecontroleyeswerefully
vascularized;thus,theendpointofthestudywasachieved
becausetheNVincontroleyeshasatendencytogradually
regressafter7d
[13].Theratswerereanesthetizedusingthe
above-describedmethod.Photographsoftheleftcorneaof
eachratweretakenwithanSL-D7slit-lampwithanattached
DC-3camera(Topcon,Tokyo,Japan).Theapexofthe
corneawasplacedinthesamedirectionastheslitlampto
takestandardizedphotosandensurethatthewholecornea
wasvisibleinthephotograph.
EvaluationofcornealNVandphotographicanalysis
Theobjectiveofthesemiautomaticprocessingofthe
photographstakenduringtheexperimentswastocalculate
thepercentageofthewholecorneacontainingnewlyformed
vessels.Inthefirststepofprocessing,commerciallyavailable
software (AdobePhotoshop7.0;AdobeSystems,Mountain
View,CA,USA)wasusedtocutthecorneasoutofthe
photographs.Thenextstepinvolvedmanualdeterminationof
the cornea's borderregionswithand withoutvessel
formation.Fortask,agraphicallypowerfulandhigh-
resolutioncomputermonitorwasused.Asemiautomatic
programwasdevelopedinMATLAB7(MathWorks,Natick,
MA,USA)tocalculatetheareawithNV.Thealgorithm
includedselectionofathresholdlevelbywhichitwas
possibletoconvertthecolorimageintoablack-and-white
imageandcalculationofthenumberofpixelsintheregion
withnovesselformation.ThequantificationoftheNVwas
performedinablindedfashion.Thetotalcornealareawas
outlined,withtheinnermostvesselofthelimbalarcadeused
astheborder.ThetotalareaofNVwasnormalizedtothe
totalcornealarea,andthepercentageofthecorneacovered
bynewvesselswascalculated.
Tissue preparation and immunostaining Ratswere
sacrificedandtheirglobeswereexcisedandfixedin10%
bufferedformalinfor24h.Thetissuesweredehydratedin
gradedethanolandsetinparaffin.Immunohistochemically,
theprimaryantibodieswereanti-VEGFantibody(Abcam,
Cambridge,UK),anti-activeCaspase-3antibody(Thermo
Scientific,Fremont,CA,USA)andanti-CD31antibody
(Labvision,1:100).Theparaffin-embeddedtissueswerecut
221Figure1Digitallyenhancedslit-lampphotographsoftheratcorneas7dafteralkaliburnshowingthenewvesselsinvadingthe
cornea A:Isotonicsaline,B:Bevacizumab5mg/mL,C:Regorafenib1mg/mL,andD:Dexamethasonephosphate0.1%group.Thedegreeof
reductioninneovasculargrowthwassignificantlylessindexamethasonegroupcomparedtobevacizumabandregorafenibgroups.The
percentareaofcornealNValsolesspronouncedinbevacizumabandregorafenibgroupsthanthecontrolgroup.
intoslices5滋 mthick,mountedonpolylysine-coatedslides,
deparaffinizedwithxylene,andrehydratedthroughgraded
concentrationsofethanol.Forantigenretrieval,thesections
wereimmersedin10mmol/Lsodiumcitratebufferfor5min
(pH6.0)andheatedfor20mininamicrowaveoven.
Endogenousperoxidaseswerequenchedin0.3%(vol/vol)
hydrogenperoxidefor5min.Afterwashinginphosphate-
bufferedsaline,theslideswereincubatedwithblocking
reagentfor10min.Sectionswereincubatedfor30minat
37℃ withprimaryantibodies.Thesectionswerefurther
incubatedwithanti-polyvalentbiotinylatedantibody(ScyTek
Laboratories,Logan,UT,USA).Theimmunecomplexes
weredetectedusinganaminoEthylcarbazolechromogen
(ScyTekLaboratories)accordingtothe manufacturer爷s
instructions
[14].
VEGFimmunostainingwasevaluatedintheepithelial,
stromal,andendotheliallayersofthecorneas.Staining
intensitywasdeterminedsemiquantitativelywithapreviously
describedtechniqueasnone(0),weak(1),moderate(2),and
intense(3)
[15].Thenumbersofnewcornealvesselswere
determinedonslidesimmunostainedwith anti-CD31
antibodies,asdescribedpreviously,byanexaminerwithno
knowledgeoftheexperimentalprocedures
[14].Mostsections
wereobtainedfromthecentralregionofthecornea.The
numberofnewcornealvesselswasevaluatedinatleasttwo
sectionsofeacheye,fromonelimbustoanother.Apoptosis
wasevaluatedintheepitheliumofthecorneaonthe
anti-activecaspase-3antibody-stainedslices.Five
microphotoswerecapturedfromeachsliceofeverysample
at200magnification.Anti-activecaspase-3-positivecells
werecountedinthephotos.Allevaluationswereperformed
byanexaminerwithnoknowledgeoftheexperimental
procedures.NISElements3.1softwareandanEclipse80i
microscope(NikonInstruments,Tokyo,Japan)wereused.
StatisticalAnalysis Statisticalcalculationswereperformed
usingtheSPSS15statisticalpackage(SPSS,Chicago,IL,
USA).A valueof<0.05wasconsideredstatistically
significant.Alldataarepresentedasmedians(minimum-
maximum).TheKruskal-Wallistestwasusedtocompare
continuousvariables.TheBonferroni-adjustedMann-Whitney
-testwasusedformultiplecomparisonsand valuesof
<0.005wereconsideredstatisticallysignificant.TheChi-square
(Fisher'sexact)testwasusedforcategoricalvariablesandthe
dataarepresentedasthefrequencyandpercent(%).
RESULTS
Theburnstimulusintensitywassimilarbetweenthegroups,
andmedianstimulusscoreswere2orhigher( >0.05).The
meanpercentareasofcornealNVwere68.5(64.1-75.2)in
Group1,58.0(54.7-68.9)inGroup2,39.9 (36.4-48.8)in
Group3,42.1(36.7-48.7)inGroup4,and21.9(14.0-39.6)in
Group5(Figure1).Thedifferencesinthepercentareasof
cornealNVamongthegroupswerestatisticallysignificant
( <0.001).AlthoughGroup5hadthesmallestpercentarea
ofcornealNV,therewerenodifferencesamongtheGroups
3,4,and5( >0.005).Group1hadthehighestmeanarea
andstatisticallysignificantdifferenceswerefoundbetween
Group1andothergroupsexcludingGroup2.
Themeannumberofnewcornealvesselswas20.0
(16.3-21.7)inGroup1,16.0(13.7-18.7)inGroup2,10.0
(7.0-11.7)inGroup3,9.8(7.7-15.7)inGroup4and8.5
(7.3-10.0)inGroup5.Thedifferencesinthenumberofnew
corneal vesselsamong thegroupswerestatistically
significant(<0.001).Therewerenodifferencesamong
Groups3,4,and5inthenumberofnewcornealvessels.
Groups1and2hadthehighestnumbersofnewcorneal
vessels.
Themeannumberofactivecaspase-3-positivecellswas3.7
(3.0-4.0)inGroup1,3.3(1.7-3.7)inGroup2,1.3(0.0-3.0)
inGroup3,2.3(2.0-4.0)inGroup4,and1.3(0.0-2.3)in
Group5.Thedifferencesamongthegroupswerestatistically
significant ( =0.002).Statisticallysignificantdifferences
wereobservedbetweenGroups1and3 ( =0.002)and
Groups1and5(=0.002)inthenumberofactive
caspase-3-positivecells.Table1showsthepercentareasof
cornealNV,thenumberofnewcornealvessels,andthe
numberofactivecaspase-3-positivecellsandsignificance
levelsamongthegroups.Figure2showsthecornealsections
ineachgroupintermsofthe distributionofactive
caspase-3-positivecells.
TheVEGFstainingintensityofthecornealepitheliallayer
Regorafenibandcornealneovascularization
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Figure2Representativesectionsofcorneasaftertreatedwith A:Isotonicsaline;B:Dimethylsulfoxide;C:Regorafenib1mg/mL;
D:Bevacizumab5mg/mL,andE:Dexamethasonephosphate0.1%groupsintermsofactivecaspase-3positivity.Thehigherdensityofactive
caspase-3positivecellsinisotonicsalineanddimethylsulfoxidegroupscomparedtoothertreatmentgroups.Regorafenibanddexamethasone
groupshadthelowestdensityofapoptoticcells(40× ).
was5(83.3%)inGroup1,4(66.7%)inGroup2,0(0%)in
Groups3and4,and1(16.7%)inGroup5.Thestromal
VEGFstainingintensitywas5(83.3%),2(33.3%),
2 (33.3%),4(66.7%),and3(50.0%),respectively.The
endothelialVEGFstainingintensitywas5(83.3%),4(66.7%),
0(0.0%),2(33.3%),and1(16.7%),respectively.TheVEGF
stainingintensityofthecornealepithelialandendothelial
layerswassignificantlydifferentamongthegroups( <0.05).
Figure3showstherepresentativecornealsectionsofthe
groupsintermsofVEGFstainingpropertiesoftheepithelial,
stromalandendotheliallayers.Therewerenosignificant
differencesamongthegroupsintermsofsideeffectsofthe
topical medicationsbasedonmacroscopicand
histopathologicmeasurements.
DISCUSSION
Inhibitionofvision-threateningcornealNVisamajor
challengefollowingcornealchemicalinsultorinflammation,
andinmanyclinicalsituationscornealanti-angiogenic
treatmentwouldhelp.Topicalcorticosteroidsremainthefirst
choicefortreatingcornealNVsecondarytoinflammatory
etiologies
[16,17].However,steroidsarenotidealfortreating
cornealNVbecauseofincreasedreplicationofpathogens
anddelayedwoundhealing
[18,19].Besides,steroidtreatment
maycauseglaucomaandcataractformation.Theseside
effectslimittheapplicationofsteroidsincornealNV.
Variouscompoundssuchasnonsteroidalanti-inflammatory
drugs,heparin,caffeicacidphenethylester,thymoquinone,
cyclosporinA,methotrexate,andtherapiessuchasargon
lasertreatmentandphotodynamictherapyhavebeenusedin
experimentalandclinicalstudiesforthetreatmentand
preventionofcornealNV
[12,20-25].Noneofthesetreatment
optionsusedincornealNVareidealbecauseofsideeffects
suchasthermalinjurytoadjacentareas,ocularhypertension,
cataractformation,andvesselrecanalization
[22].Forallofthe
abovereasons,moreeffective,easierandsafercornealNV
treatmentisrequired.
Table 1 The percent areas of corneal NV, the number of new corneal vessels and active caspase-3-positive cells in the groups 
Parameters
  Group 1 NaCl 
(n=6) 
Group 2 DMSO 
(n=6) 
Group 3 regorafenib 
(n=6) 
Group 4 bevacizumab 
(n=6) 
Group 5 dexamethasone 
(n=6) 
The percent areas of 
corneal NV  68.5 (64.1-75.2)  58.0 (54.7-68.9)  39.9 (36.4-48.8)  42.1 (36.7-48.7)  21.9 (14.0-39.6) 
The number of new 
corneal vessels   20.0 (16.3-21.7)  16.0 (13.7-18.7)  10.0 (7.0-11.7)  9.8 (7.7-15.7)  8.5 (7.3-10.0) 
The number of active 
caspase-3-positive cells  3.7 (3.0-4.0)  3.3 (1.7-3.7)  1.3 (0.0-3.0)  2.3(2.0-4.0)  1.3 (0.0-2.3) 
Values are expressed as median (minimum-maximum). DMSO, dimethyl sulfoxide. 
223Figure3Vascularendothelialgrowthfactorimmunostainingin A:Isotonicsaline;B:Dimethylsulfoxide;C:Regorafenib1mg/mL;
D:Bevacizumab5mg/mL;andE:Dexamethasonephosphate0.1%groups.Thelowerdensityofvascularendothelialgrowthfactorpositive
cellsinregorafenib,bevacizumabanddexamethasonegroupscomparedtodimethylsulfoxideandcontrolgroup(40× ).
VEGFactsasthekeymediatorduringinflammationandNV;
itregulatesthegrowthofthevascularendotheliumand
controlstheformationofnewbloodvessels
[26].Bindingtoits
receptors,VEGFtriggersasignalingcascadethatpromotes
endothelialcellgrowth,survival,migration,differentiation,
andmobilizationofendothelialprogenitorcellsfromthe
bonemarrowintotheperipheralcirculation
[27].VEGF
inhibitionforthetreatmentofNVisamoleculartarget-based
treatment.Moleculartarget-basedtreatmentmayofferfewer
sideeffectsandmoreeffectivetreatmentforcornealNV.
OnewaytoinhibitVEGFactivityisbyusinghumanized
monoclonalantibodiessuchasbevacizumab,whichhasbeen
widelyusedinclinicalandexperimentalstudiesofocular
pathologies
[28-30].
AnotherwaytoinhibitVEGFisbytyrosinekinaseinhibition.
SelectiveinhibitionofVEGFR-2tyrosinekinasewith
SU5416 hasaninhibitoryeffectoncornealNV
[31].
Regorafenibisanovel,potentinhibitoroftheVEGFreceptor
andotherangiogenicreceptortyrosinekinases
[11,32].Inthe
presentstudy,wefoundthatregorafenib,amultipletyrosine
kinaseinhibitor,hasinhibitoryeffectsonalkali-induced
cornealNVinrats.Theinhibitoryeffectsoftopical
regorafenibwere comparabletothoseoftopical
dexamethasoneandbevacizumab.
Monoclonalantibodiesinducetheireffectbyblockingthe
effectofVEGFpriortoitsattachmenttoendothelial
receptors.TyrosinekinaseinhibitorsblocktheVEGFactivity
byinhibitingtyrosinekinaseintheintracellularpartofthe
VEGFcellmembranereceptor.Thismayrepresenta
differentopportunityfortreatmentoftheneovascularprocess
inocularpathologies.Useoftyrosinekinaseinhibitorswith
monoclonalantibodiesmayalsoprovideamorepowerful
effectincornealNV.However,furtherstudiesareneededto
evaluatetheeffectofdifferenttyrosinekinaseinhibitorson
cornealNV.
Themutantplasminogenkringle5(mK5)inducesapoptosis
inalkali-inducedcornealNVinrats,andalsofound
significantlyinhibitscornealNV
[33].Localadministrationof
theadenosinediphosphateribosylationfactor1inhibitorafter
alkaliinjuryenhancesintraocularcaspase-3expression
[34].In
thepresentstudy,regorafenibsignificantlyinhibitedthe
apoptoticcellcountcomparedtothecontrolgroup.These
conflictingresultsmaybeduetodifferencesinmeasurement
methodsbetweenstudies.Inourstudy,therewereno
differencesinthenumbersofactivecaspase-3-positivecells
amongthebevacizumab-,regorafenib-,anddexamethasone-
treatedgroups.
Tothebestofourknowledge,thisisthefirststudytotestthe
inhibitoryeffectsofregorafeniboncornealNV.Themain
limitationsofthestudyarethelackofexpressionpatternsof
regorafenib-relatedreceptorsandgrowthfactorsaswellas
the absenceofanexperimentalgroupevaluatingthe
combineduseoftyrosinekinaseinhibitorswithmonoclonal
antibodies,whichmayalsoprovideamorepowerfuleffect.
Inconclusion,apoptoticcellcount,VEGFimmunostaining
andcornealNVarereducedbytopicaladministrationof
regorafenibcomparedtocontrol.Topicaladministrationof
0.1%regorafenibmayhavesomebenefitforpreventionof
Regorafenibandcornealneovascularization
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cornealNV.Furtherstudiesareneededtodeterminethe
optimaldosageofregorafenibforpreventingcornealNVand
toevaluatetheeffectsofregorafenibonexpressionofVEGF
mRNA.
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